Abstract. This paper reports a novel, physiologically significant, microfluidic phenomenon generated by nanomolar concentrations of drag-reducing polymers (DRP) dissolved in flowing blood, which may explain previously demonstrated beneficial effects of DRP on tissue perfusion. In microfluidic systems used in this study, DRP additives were found to significantly modify traffic of red blood cells (RBC) into microchannel branches as well as reduce the near-wall cell-free layer, which normally is found in microvessels with a diameter smaller than 0.3 mm. The reduction in plasma layer size led to attenuation of the so-called "plasma skimming" effect at microchannel bifurcations, increasing the number of RBC entering branches. In vivo, these changes in RBC traffic may facilitate gas transport by increasing the near vessel wall concentration of RBC and capillary hematocrit. In addition, an increase in near-wall viscosity due to the redirection of RBC in this region may potentially decrease vascular resistance as a result of increased wall shear stress, which promotes endothelium mediated vasodilation. These microcirculatory phenomena can explain the previously reported beneficial effects of DRP on hemodynamics in vivo observed in many animal studies. We also report here our finding that DRP additives reduce flow separations at microchannel expansions, deflecting RBC closer to the wall and eliminating the plasma recirculation zone. Although the exact mechanism of the DRP effects on RBC traffic in microchannels is yet to be elucidated, these findings may further DRP progress toward clinical use.
Introduction
Certain long-chain water-soluble polymers, known as drag reducing polymers (DRP), when added in minute concentrations, have been shown to produce remarkable effects on blood circulation in vivo [6] .
Blood soluble DRP injected into the vascular system of animals at nanomolar concentrations have been previously shown to increase blood flow, tissue perfusion, and tissue oxygenation and reduce vascular resistance with no direct effect on blood viscosity or blood vessel tone [6, 7, 22] . For example, injections of 1-2 µg/ml (1-2 ppm) of DRP in blood have resulted in significant increase in the number of functioning capillaries and capillary blood flow in diabetic rats [5] , enhanced myocardial perfusion in a canine model of a severe coronary stenosis [21] , and prevented mortality from severe myocardial ischemia in rats [24] . The addition of DRP to resuscitation fluids was shown to significantly increase survival in rats subjected to lethal hemorrhagic shock [14, 19] .
These high molecular weight polymers have a primarily linear structure with few or no branches [18] . They have been known to reduce hydrodynamic resistance in turbulent flow since BA Toms discovered this effect in 1948 [25] . It was therefore initially assumed that a similar mechanism was responsible for the observed microvascular effects [10] . However, the Reynolds number for blood flow in small blood vessels typically ranges from 0.1-100, and hence is not turbulent. An alternate mechanism was therefore suggested, motivated by in vitro observations, whereby DRP diminish flow separation and recirculation at vessel bifurcations [12, 13] . The ability of DRP to reduce flow separation was first discovered (in 1988) in models of bifurcating vessels with diameters of 3-12 mm and Reynolds numbers in the range of 1-100 [12, 13] . More recently, our laboratory has discovered a new microrheological phenomenon produced by DRP in blood, namely the addition of a minute concentration of DRP to red blood cell (RBC) suspensions flowing in a straight microchannel significantly reduces the thickness of the nearwall cell free plasma layer [14] .
Blood flowing in microtubes or small blood vessels (less than 0.3 mm in diameter) is known to exhibit a thin layer near the wall that is depleted of red blood cells. This causes a reduction in viscosity in the vessel (Fåhraeus-Lindquist effect [3] ) and produces a plasma skimming effect at bifurcations [17] that, in turn, causes a reduction of hematocrit in smaller vessel branches (Fåhraeus effect [2] ). The plasma layer adjacent to the vessel wall in the parent and main daughter branch may present a barrier to oxygen diffusion to tissues [26] . In healthy subjects there are no known deleterious consequences, but clinically significant hypoxia may occur in certain pathological states such as anemia or hypovolemia. This may also be exacerbated by increased vascular resistance due to diminished production of nitric oxide caused by the reduction of endothelial shear stress by the plasma layer.
The present study aimed to microscopically investigate the mechanism responsible for the microvascular phenomena caused by DRP by observing the traffic of RBC in microfluidic circuits. Blood flow was observed in straight channels, bifurcations and expansions.
Materials and methods
Standard photolithography and replica molding techniques were used to fabricate polydimethylsiloxane (PDMS) microchannel systems containing a series of bifurcations and expansions [20] . Channel widths ranged from 25 to 200 µm and channel height was 100 µm. A glass microchannel with a square cross section, width and height of 100 µm, and length of 2.5 cm was used in some experiments. In addition, hydrodynamic studies were performed in a round channel with a 115 µm diameter and a length of 1.3 cm, since this more closely simulated the geometry of blood vessels. Rectangular channels, however, were necessary to obtain clear images in the visualization studies.
Bovine blood was collected in containers with ACD added as an anticoagulant (10% by volume) at a local slaughterhouse. After centrifugation of blood and removal of plasma and buffy coat, RBC were washed three times with phosphate buffered saline (PBS), and resuspended at a hematocrit of 20% in PBS with 1% bovine serum albumin added to preserve biconcave shape. A hematocrit of 20% was chosen for the studies in capillary tubes and microchannels since in vivo microcirculatory hematocrit is generally assumed to be less than half of the systemic hematocrit [4, 23] due to the Fåhraeus phenomenon. In addition, since the Fåhraeus effect is more pronounced at lower hematocrit for a given vessel diameter [4] , use of 20% hematocrit allowed for clear visualization of the near wall plasma layer and its modification by DRP. DRP was added to the suspension at a final concentration of 10 µg/ml (10 ppm) and slowly mixed for one hour. The DRP used in this study was a polyethylene oxide with a molecular weight of 4500 kDa, PEO-4500 (Polyox WSR-301, Dow Chemical). An equal volume of saline was added to controls. The asymptotic viscosity of the prepared RBC suspensions was measured using a Brookfield cone and plate rotational rheometer (Middleboro, MA). Light microscopy was used to verify biconcave shape of the RBC after preparation but before subjecting them to flow. All tests were performed at room temperature.
The viscosity of the 10 µg/ml PEO-4500 solution was ∼1.05 cP at room temperature. Addition of 10 µg/ml PEO-4500 had no effect on density of the fluid. The asymptotic viscosity of 20% RBC in PBS was 2.0 cP, and for 20% RBC in 10 µg/ml PEO it was ∼2.2 cP. At the shear rates and hematocrits used in this study, the blood behaved as a Newtonian fluid.
A syringe pump (Harvard Apparatus) was used to generate flow of RBC suspensions through the channels at flow rates ranging from 0.01 to 0.3 ml/min. Reynolds number (Re) in the channels ranged from ∼0. [25] [26] [27] [28] [29] [30] . In order to prevent RBC sedimentation, the suspension in the syringe was kept well mixed by placing a small magnetic stir bar inside the syringe and manually agitating it using another magnet on the outside. The length of the connective tubing was minimized to avoid cell settling in the tubing as much as possible.
Bifurcated PDMS channels were used to study the DRP effects on the plasma skimming phenomenon. In channels containing a right angle bifurcation, hematocrit was measured in the parent channel (50 µm × 100 µm), daughter branch (25 µm × 100 µm), and feed reservoir using a standard microcapillary technique. An unsealed microcapillary tube was attached to the outlet of each channel branch, and the RBC suspension was allowed to flow through the capillary. When ∼0.5 ml of blood passed through the capillary, it was quickly detached from the outlet and sealed, and discharge hematocrit was measured for each branch. Hematocrit values from the branches were compared to each other in both DRP and control samples using an unpaired, two-sample Student's t-test assuming unequal variances with two-tail distribution.
RBC flow behavior was recorded with a microscopic flow imaging system (schematically shown in Fig. 1 ) consisting of an inverted research microscope (IX70, Olympus, NJ, USA), a CCD camera (PCO Sensicam QE double exposure, The Cooke Corp., Romulus, MI, USA), and an associated image acquisition board hosted in a PC. A very short camera exposure time of 10 µs was used in order to allow for the capture of images at high flow velocity. Twenty images were recorded at each condition. Images were taken at a distance of 1-2 µm from the bottom wall of the channel in order to clearly observe the near wall plasma layer. Since this depth corresponds to the observed size of the near wall plasma layer under similar flow conditions [14] , the RBC in the near wall region could be best observed at this depth of focus. Images were taken far from the channel inlet and outlet to avoid entrance and exit effects. A control RBC suspension was first run in each experiment. The suspension was then replaced with RBC samples containing DRP without moving the channel or changing the focus. Finally, the control suspension was tested again to ensure that focus had not changed. Image J (National Institutes of Health) was used to quantify the size of the near wall cell free plasma layer in each image. The cell free area adjacent to the vertical channel wall was measured and the area was divided by the length of the image to give a spatial average plasma layer width. Plasma layer widths for at least five images were then averaged to give a time average. Mean plasma layer width in the control and in the DRP tests was compared using an unpaired, two-sample Student's t-test assuming unequal variances with two-tail distribution.
The pressure gradient was also measured in microchannels. In this case, channels with circular cross sections were used to more closely simulate physiological conditions. Wall shear stress in a channel was calculated using the formula
where ΔP is the pressure drop across the tube, d is tube diameter and L is tube length. The dimensionless friction factor was calculated using the formula:
which is derived from the Darcy-Weisbach equation, where λ is the friction coefficient, d is the tube diameter, ρ is the density of the fluid, Q is the volumetric flow rate and ΔP is the pressure drop along the tube length, L. The experimental friction factor was compared to a theoretical friction factor for laminar flow given by Eq. (3):
which can be derived by substituting the Poiseuille equation into the Darcy-Weisbach equation. An increase in pressure gradient, and therefore friction factor, indicated attenuation of the Fåhraeus-Lindquist effect.
Measurements of plasma layer size and pressure gradient were performed in channels that were 100 µm wide. This size was optimal from the point of view of hemodynamics, cell-free layer size, and RBC sedimentation in both microchannels and in the connecting tubing. Smaller channels would have much higher resistance and would be much more difficult to clean and sterilize. Based on our experience with the experiments in which we used smaller channels, plasma layer can be observed and characterized as well in 100 µm channels as in smaller ones. Figure 2 shows the effect of DRP on the near wall concentration of RBC flowing in a straight 100 µm wide square channel. Following addition of 10 µg/ml (10 ppm) of polyethylene oxide (PEO) with a molecular weight of 4500 kDa (PEO-4500) to the flowing suspension, the RBC in this channel became more elongated and moved closer to the channel wall. At a flow rate of 0.1 ml/min, the plasma layer width in the control was 5.5 ± 1.0 µm. The PEO significantly reduced the thickness of the plasma layer to 1.3 ± 0.3 µm at 0.1 ml/min (p < 0.001). When the flow was stopped, the cells redistributed evenly throughout the channel. A slight but statistically significant difference between plasma layer size in the stopped control suspension (1.68 µm) and that with PEO (1.12 µm, p < 0.001) was observed. The presence of this plasma layer was likely due to the fact that, although the pump was stopped, some flow still existed in the channel (pictures were taken immediately after the pump stop to avoid effects of RBC sedimentation). The amplification of RBC elongation with the DRP treated suspensions is likely due to the increased stress on the RBC caused by their close proximity to the channel walls. However, the possibility that the polymers themselves affect the deformability of the RBC membrane cannot be excluded. The slight difference between control and DRP RBC alignment without flow was due to the fact that the pictures were taken immediately after flow was stopped to avoid the effect of RBC sedimentation. Figure 3 shows pictures of RBC suspensions with and without DRP taken using a light microscope. No difference can be seen between RBC in these photos.
Results

Effects of DRP on blood flow in straight microchannels
Similar results were obtained with other DRP such as high molecular weight (MW) hyaluronic acid and natural polysaccharides extracted from aloe vera with MW of 6-8 million Da. However, lower MW formulations of these polymers (below 1000 kDa), which do not possess drag-reducing property, did not produce these effects. This can be seen in Fig. 4 , which compares two RBC suspensions flowing in the same microchannel at the same flow rate containing PEO of 200 kDa (left) and 4500 kDa (right).
The pressure drop in the flowing RBC suspensions was measured along a 115 µm diameter channel with circular cross section. A significant effect was seen in this channel where the addition of 10 µg/ml Fig. 2 . RBC suspension in a 100 µm wide rectangular straight channel. Addition of 10 ppm PEO-4500 caused a perceptible alignment of RBC in the non-flowing samples, and a dramatic elongation of RBC aligned with the flow direction (top to bottom) at 0.2 ml/min, Re ∼ 20. The PEO effectively eliminated the cell-depleted layer observed in the control sample. The slight difference between control and DRP cell alignment at the no flow condition was due to the fact that the pictures were taken right after flow was stopped before the RBC started to sediment. Fig. 3 . Suspensions of RBC in PBS with 1% albumin and with 20 ppm PEO (0.02 ml of PEO solution with a concentration of 1000 ppm per 1 ml of RBC suspension, right). Saline (0.02 ml per 1 ml of RBC suspension) was added to control suspension (left). Pictures (400× magnification) were taken using a light microscope (Nikon, Japan).
(10 ppm) PEO-4500 to the flowing RBC suspension caused an increase in pressure drop, and thus in wall shear stress, of 24%. Pressure gradients were normalized using solution viscosity in order to account for the slight difference in viscosity between control and PEO solutions. Figure 5 shows friction factor vs. Reynolds number for flow of RBC in this channel. In the control case, the experimental friction factor is significantly lower than the theoretical due to lower near wall viscosity caused by the formation of a cell free plasma layer near the channel wall. The experimental friction factor increased significantly (p < 0.01 at all tested Re) with the addition of 10 ppm DRP due to RBC relocating to the near wall space resulting in values close to the theoretical friction factor calculated using the viscosity of the RBC suspension (assuming no cell free layer). Similar results were obtained in the 100 µm square channel. In larger tubes, where the Fåhraeus-Lindquist phenomenon did not occur (0.86 and 1.3 mm diameter), the DRP had no effect on the wall shear stress.
Effects of DRP on blood flow in bifurcated microchannels
Experiments conducted in bifurcated channels also revealed interesting effects of DRP due to their modulation of the plasma layer. This was evaluated by measuring the hematocrit in both the parent and daughter branch as compared to that in the feeding syringe. Figure 6 shows these values for a microfluidic device containing a right angle bifurcation (50 µm to 25 µm). The control sample exhibited a significant reduction of hematocrit in the daughter branch compared to that in the parent (p < 0.001), demonstrating the skimming of plasma from the near-wall layer of the parent into the daughter branch. Parent branch hematocrit was 19.0% ± 1.1%, while the daughter branch hematocrit was 17.1% ± 1%. When 10 ppm PEO-4500 was added, however, no difference was observed between hematocrit values in parent and daughter branches implying that the plasma skimming effect was effectively eliminated by DRP. The hematocrits in the parent channel and daughter channel were 18.3% ± 1.3% and 18.6% ± 2.2%, respectively (p = 0.6). The feed hematocrit was 18.6% ± 1.3%, and no significant difference between feed hematocrit in the control and polymer containing RBC suspensions was observed (p > 0.1).
Effects of DRP on blood flow in microchannel expansions
Experiments performed in a microfluidic flow expansion from 50 to 200 µm exhibited a redistribution of RBC caused by DRP in the downstream flow separation region (see Fig. 7 ). Considerable flow separation was observed with the control blood samples causing formation of cell-depleted pockets within the microchannel expansion. When 10 ppm of PEO-4500 was added, the streamlines of RBC were redirected to conform to the contour of the expansion, eliminating the plasma pockets at the expansion, thus reducing or eliminating the flow separation and recirculating flow. This effect became more apparent as flow rate was increased, and no difference was seen between the control and DRP case when flow was stopped. As was already mentioned in Introduction, it was previously shown that DRP diminish flow separation and recirculation at bifurcations in experiments performed with water (no RBC) flowing through models of bifurcating vessels at Reynolds numbers in the range of 1-100 [12, 13] . 
Discussion
The redistribution of RBC traffic and reduction of plasma layer/skimming observed in these experiments imply a potentially beneficial effect in the microcirculation. The rise in the near-wall hematocrit will increase the local viscosity, thereby loading the endothelial cells with higher shear stress, which can promote vasodilatation, decreasing vascular resistance and potentially increasing number of functioning capillaries. In addition, reduction in plasma skimming would significantly increase traffic of RBC to vessel branches and ultimately to capillaries, which would be beneficial in cases of hypovolemia and might be considered as an "autotransfusion".
The observations of this study confirmed the influence of the drag-reducing polymer molecules dissolved in blood on the near-wall cell-depleted layer development; however, the effect is contrary to intuition based on the traditional classification of the polymers. The cell depleted layer is known to reduce rather than increase pressure drop in microvessels. Therefore, its elimination cannot be directly responsible for the reduction of vascular resistance observed when DRP are administered in vivo. In rigid microchannels, plasma layer reduction/elimination causes an increase in hydraulic resistance proportional to the increase in the near-wall viscosity. In vivo, however, the proximity of the RBC to the vessel wall and the resulting increase in wall shear stress may promote the release of stress dependent vasodilators, such as nitric oxide, causing local vasodilation and thus the decrease in peripheral vascular resistance observed in animal experiments.
While the current study provides significant insight into the intravascular DRP phenomenon, the mechanism by which DRP are preventing relocation of RBC toward the center of the microchannel/microvessel, still remains unknown. One hypothesis for the DRP effect on distribution of RBC is that the polymer molecules, which are stretched by flow, align along the flow paths and diminish RBC rotation, which is an important factor in the development of a near-wall plasma layer in microvessels [14] . This alignment of the DRP may form a network structure that prevents RBC from migrating away from the walls. The increase in local viscosity due to the presence of polymers around the RBC may also inhibit lateral migration of RBC. In addition, the increase in blood viscoelasticity caused by DRP may strengthen non-Newtonian patterns of the axial velocity profile, blunting it and shifting mean RBC velocity closer to that of the bulk blood flow [14] . Future work to evaluate these hypotheses would improve understanding of the mechanisms by which DRP act in the vascular system.
The reduction of flow separations and elimination of recirculating plasma pockets have clinical significance as well. It is known that thrombi are likely to form in areas of flow separation [11, 15, 16] . Studies by Karino and Goldsmith, performed with human platelets flowing in an expansion with a diameter ratio of 3.33 (151-504 µm), suggested that these flow patterns would have an antagonistic effect on platelets, and promote their deposition due to flow stasis and prolonged exposure to the surface [15] . Relocation of flowing RBC closer to the wall would potentially reduce/eliminate stagnation and "wash" platelets out of these recirculating zones, therefore decreasing the potential for thrombosis. This effect would be beneficial not only in blood vessels, but also in blood-contacting medical devices, where thrombosis is often a major concern.
Both the Fåhraeus effect and the DRP intravascular phenomenon produce remarkable rheological and hemodynamic manifestations which can have significant relevance to treatment of circulatory disorders and design of blood-wetted medical devices. The discoveries presented in the current study have contributed to the elucidation of the mechanisms by which DRP act in the microvasculature. This is an important step that will help to translate DRP to clinical use for critical care and emergency medicine and for treating cardiovascular diseases and many other disorders in which patients may benefit from improved microcirculation. Particularly, high molecular weight hyaluronic acid (HA), which has long been known to have drag reducing ability [9] and currently has FDA approval [8] for certain biomedical applications (unrelated to its drag reducing properties), might be a desirable candidate for enhancement of blood circulation in vivo. HA was recently shown to be very effective in treatment of animals in hemorrhagic shock [1] .
Study limitations
The results of this study showed that the RBC in the near wall region become significantly elongated in the presence of DRP. In the experiments presented here, we looked only at the cells in the near wall region, and therefore it is not clear whether the DRP had any effect on the shape of the RBC far from the channel wall. Further studies looking at RBC in the center of the channel, as well as at dilute RBC suspensions, could distinguish whether the increased RBC deformation is a result of their exposure to increased shear stress in the near wall region or also related to changes in RBC deformability.
The results of the studies on the effects of DRP on RBC flow at a microchannel expansion shown above are qualitative in nature. In this manuscript, we present the observed phenomenon. In the future, more quantitative studies would help to further explain and measure the magnitude of this effect. A recent study quantified RBC streamlines in a microchannel expansion and the platelet margination in these regions [27] . These methods could be applied to quantitatively investigate the observed DRP phenomenon in microchannel expansions.
RBC aggregation was not present in these studies due to several reasons. Most importantly, the shear rates in the channels were high enough to prevent aggregation (>1000 s −1 ). The applied cells were washed RBC resuspended without fibrinogen in the suspension media. However, since the cells were well deformable, near wall cell-free or cell-poor layers were clearly observed and these layers were significantly reduced or completely eliminated by the presence of DRP in RBC suspensions.
Conclusion
The findings of the current study provided insight on the mechanisms by which DRP act in the microvasculature. Although more studies should be done to determine the means by which DRP affect RBC traffic in microvessels, the current findings may further the progress toward clinical applications of DRP.
